Abstract -Specifical ly-labeled samples of averufin have been synthesized and incorporated intact into aflatoxin B1, versicolorin A and versiconal acetate as determined by NMR spectroscopy.
INTRODUCTION
Aflatox in B1 (1) is the major component of a family of secondary natural products produced by certain species of Aspergi 11 us.
It is perhaps the paradigm among mycotoxi ns both for the range and acuteness of its biochemical effects (ref. 1) and for its comparatively early discovery 25 years ago near the outset of a period of vigorous and diverse scientific activity in a field whose progress has been marked triennially by this series of Symposia.
From the perspective of biosynthesis, the structure of aflatoxin Bi (j) presents a number of substantial problems. The dihydrobisfuran characteristic of this family of toxins is unique among polyketide-derived natural products and is general ly held to be the principal site of activation in higher organisms and the chemical entity ultimately responsible for its severe in vivo effects (ref. 1) .
It is the natural origin of this structural feature and the question of starter units other than acetate in polyket ide biosynthesis that will be the subject of the present lecture. Further questions are posed by 1 that are both of importance to our understanding of acetogenin biosynthesis in general and of I in particular where aryl cleavages, aromatic hydroxyl loss and deep-seated rearrangements, in large measure oxidative, are evident. During this period it was also observed that an insecticide, dichlorovos (dimethyl-2,2-dichlorovinyl phosphate), at ppm concentrations reduced aflatoxin production in wild-type A. parasiticus to a fraction of its normal levels and resulted in the appearance of a new orange pigment identified as versiconal acetate (1) (ref. 12). As noted above, sterigmatocystin (9) is produced by the related species, A. versicolor (ref. 13 ). The first line of experimental evidence to support the sequence of intermediates shown in Scheme 1 was provided by the utilization of ['4C]-acetate in mutationally-or chemically-blocked fermentations to accumulate samples of radiolabel ed potential intermediates. These were then observed to incorporate radioactivity into aflatoxin B1 (j) with generally increasing levels of efficiency as the end of the pathway was approached. Corollary experiments demonstrated that labeled Intermediates beyond a blockage point were converted to 10 while those before proceeded to the accumulated material but no further (ref. 1, 8, 14, 15) .
In sum these extensive experiments argue for the sequence of structures shown in Scheme 1. Kinetic pulse-labeling studies of Zamir (ref. 16) lend further support to this overall view. 
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Since Its Introduction by Tanabe and Seto (ref. 17) and independently by Mclnnes and Wright (ref. 18) , the application of doubly ('3C]-labe led acetate incorporation techniques has provided an important second experimental approach to investigation of the aflatoxin pathway. In the last dozen years several groups, most notably that of the organizer of this meeting, Pieter Steyn, and his coworkers at the CSIR in Pretoria, have carried out detailed singly-and doubly-labeled ('3C]-acetate incorporation experiments to map a common polyketide folding pattern in norsolorinic acid (4) (ref. 19) , averuf In (6), versiconal acetate (1), vesicolorin A (8), sterigmatocystln (9) and aflatoxin Bj (10) . These labeling patterns are shown in Scheme 1 in the conventional fashion by heavy lines, the dot signifying C-I (ref. -20) . Importantly, averuf in enriched with carbon-13 as shown in 6 was shown In a reincorporation experiment to give the same labeling pattern in aflatoxin Bi (10) A possible biogenetic relation between sterigmatocystin () and aflatoxin B1 (jQ) was recognized early on by Holker (ref. 27) . Similarly, the potential intermediacy of anthraquinoid pigments in the pathway was proposed by Thomas (ref. 28) but it has been the complementary lines of experimental evidence gathered above that have identified and ordered the intermediates shown in Scheme 1. Nonetheless, the important fundamental issue of intact incorporation, while quite probable, was not strictly satisfied in these studies. Moreover, an understandthg of the mechanisms that interconnect these remarkable structures has been lacking. These two objectives have guided our efforts at Hopkins.
INTERMEDIACY OF AVERUFIN AFLATOXIN BIOSYNTHESIS
In considering Scheme 1, the origins of norsolorinic acid (4), averantin (5), and averuf in (6) from a hypothetical intermediate as 3 are understandable, at least superficially, from the prevailing dogma of polyketide biosynthesis (ref. 11, 29) . After averuf in comes first the singular rearrangement and loss of two carbons to generate the bisfuran of versicolorin A () and second, cleavages and further reorganizations to lead to xanthone (9) and finally coumarin (10) . Our first objective, therefore, was to prepare samples of averuf in such that labels could be efficiently introduced to investigate bisfuran formation and to establish the intact utilization of averuf in in aflatoxin formation. This was accomplished by extension of the principles shown in Scheme 2.
In recognition of the polyoxygenated nature of averuf in, a decision was made at the outset to use phenolic hydroxyl groups to control the elaboration of simple benzenoid precursors to the substituted anthraquinone target. Methoxymethyl (MOM) protecting groups were chosen for their relative ease of removal under mildly acidic conditions, but also as directing groups of moderate strength to facilitate metal lation specifically As illustrated in Scheme 2, this aryl anion could be reacted either directly with an electrophile to afford orthosubstituted products, or with an halonium donor, for example cyanogen bromide (ref. Bi s(O-methoxymethyl )resorc i nol was metal lated with n-butyl lithium and reacted with dimethylformamide to afford aldehyde 11 (ref. 33) . Reaction with the appropriate C5-Grignard reagent gave alcohol 12 which could be treated with dilute aqueous acid to give tricycl Ic ketal in 607. or greater yield. Loss of the ethylene ketal was fast compared to the aryl MOM groups. The benzylic hydroxyl apparently assisted the hydrolysis of one of the latter at which point intramolecular cyclization to j was spontaneous.
In the absence of the free hydroxyl group, loss of the second MOM group was slow and j accumulated in the reaction mixture. A second metal I at i on and react ion with cyanogen bromide then gave aryl brom i de j4. (11) and (18), in a direct fashion (ref. 39 ).
In mycelial suspensions of the wild-type A. parasiticus (ATCC 15517), 11 and 18 gave greater than 20% specific incorporations into aflatoxin B1, (19) and (20) Returning for a moment to Scheme 1 and comparing it to Scheme 3 below, it is to be noted that after norsolorinic acid (4), the first-formed anthraquinone Intermediate of the pathway, reduction gives averanti n (1) and oxidation at C-S' followed by (spontaneous) ketal Izat Ion gives averuf in (8) .
This latter oxidation is surprising since this center Is carbonylderived and it appears generally to be true that oxygens present at such sites in a number of natural products for which the relevant studies are available (ref. 51) In sum, the data, by analogy to the other demonstrated primers of polyketide biosynthesis noted above, suggest a specific requirement for hexanoic acid with respect to chain length and oxidation state. It is possible that a special ized synthetase is present which produces hexanoylCoA or that it arises by degradation of larger fatty acids. It is at least partial ly exchangeable with labeled material derived from exogeneously supplied (1-13C]-hexanoi c acid. While doubtlessly prone to rapid catabolism, this material may be visual ized to initiate polyketide synthesis by a second protein or complex that leads on to norsolorinic acid (4) The initiation of af1atoxn biosynthesis by hexanoic acid necessftates severa' seemingly superfluous redox steps to achieve the formation of averufin. The result of this labor, however, is the creation of a template whose latent chemistry is revealed in a series of oxidative rearrangement and cleavage reactions that yield the bisfuran of aflatoxin B1. Retention of the 1'-deuterium label from averufin (18) and (23) In an alternative strategy, the trans-olefin 36 could be epoxidized with rn-chloroperbenzoi c acid buffered with aqueous sodium bicarbonate and cycl ized in acid to a ca. Dtscovery of the correct relative configuration of nidurufin led us to propose the blogenetic route that begins in Scheme 3 and continues on Scheme 5 (ref. 53) .
In Scheme 3, the absolute configuration of averantin (21) (31) were prepared (both >98% d1 ) via 36 from 2 , 6-bi s (0-methoxymethyl )benzaldehyde (11) bear i ng a deuterated carboxaldehyde. These labeled compounds were administered to mycelial suspensions of A. parasiticus (ATCC 15517) under conditions where similarly labeled samples of averufin gave >20% incorporations into aflatoxin Bi (ref. 39 ). To our acute disappointment, neither nor fl gave a detectable incorporation into the mycotoxin when analyzed by mass spectrometry.
Impermeability seemed not to be the cause of this negative result as the mycelial pellets turned perceptibly from white to yellow with orange centers within three hours of exposure to the labeled anthraquinones. Unlike averufin, however, in an identical feeding protocol, 30 and 31 were excreted as polar, highly water-soluble conjugates turning the medium increasingly yellow after an additional three hours. In neither case could the water-soluble pigments be extracted into organic solvent, but on standing in aqueous solution for three weeks, the conjugates had largely decomposed to return the labeled anthraquinones (ref. 60 ).
This unfavorable outcome was further tested using FLUFF, a variant of A. parasiticus isolated by Bennett (ref. 61) , which produces very little if any aflatoxin and appears to be blocked in the aflatoxin pathway before the formation of anthraquinones.
In a parallel series of experiments averuf in was found to support significantly enhanced aflatoxin production in this organism but both nidurufin and pseudonidurufin failed to do so.
The weight of the evidence at this point, while of a negative kind, did not support a precursor role for 30 or 31 in aflatoxin biosynthesis. We were loath, however, to abandon certain appeal ing features of the mechanistic events proposed in Schemes 3 and 5.
In particular, a discriminating test of the overall rationale could be visualized as illustrated in Scheme 6 where path A, invoking oxidation at C-2' of averuf in (31) The requirement that the 1'-oxygen/5'-carbon bond remain intact is mechanistically a highly restrictive one. It is implicit in Scheme 5 that side chain rearrangement preceeds BaeyerVilliger-like cleavage. Circumstantial evidence to support this order of events may be found in the structure of versicolorone (4) isolated form A. versicolor (ref. 64) . As depicted in Schemes 5 and 6 path A, oxidative rearrangement of the six-carbon ketal side chain of averuf in through its closed form satisfies the '80/'3C-incorporation data. However, abnormal openings of this ketal side chain may be visualized which would both meet the strictures of the labeling studies presented above and provide entry by alternative routes to bisfuran formation. These proposals will be evaluated elsewhere as experimental data become available to consider them critically. In what is plainly an oxidative conversion of the averuf in side chain, the non-incorporation of niduruf in was at once disappointing and intriguing. If it is proposed as above that oxidation does indeed take place at C-2' initially to form presumably a radical or subsequently a cation by electron transfer, rearrangement of reactive intermediate 46 ( In contrast, the -isomer 49 was completely unreactive under identical conditions. One In closing it is my pleasure to acknowledge the exceptional efforts of Siegfried B. Christensen who carried out the incorporation experiments and much of the spectroscopy and synthesis I have described, and those of Steven G. Davis for developing the benzyne route to averuf in, its extension to materials labeled in both the side chain and A-ring and for successfully demonstrating the rearrangement of nidurufin mesylate to furanold products. Important contr I but ions to the development of this project were made by a smal 1 group of Hopk Ins undergraduates, John C. Link, Leslie M. Bloom and Katrin Trautwein, and by Dr. Charles P. Lewis.
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